We present high-resolution (∼ 2 12 CO/ 13 CO line ratio (> 25). The unusual 13 CO J=2-1/J=1-0 line ratio of 0.6 is produced by a combination of moderate 13 CO optical depths (τ = 0.4 − 1.1) and extremely subthermal excitation temperatures. We measure the CO-to-H 2 conversion factor, α CO to be 0.5
is produced by a combination of moderate 13 CO optical depths (τ = 0.4 − 1.1) and extremely subthermal excitation temperatures. We measure the CO-to-H 2 conversion factor, α CO to be 0.5
−0.3 M ⊙ (K km s −1 pc 2 ) −1 , which agrees with the widely used factor for ultra luminous infrared galaxies of Downes & Solomon (1998 ; α CO =0.8 M ⊙ (K km s −1 pc 2 ) −1 ).
Introduction
Current ground-based high-resolution observations of molecular gas traced by CO for nearby galaxies are generally limited to the first three rotational transitions (J=1-0, J=2-1, and J=3-2). The F ourier T ransf orm Spectrometer (FTS) aboard the Herschel Space Observatory has allowed us to observe higher-J transitions of nearby galaxies but at the cost of angular and spectral resolution with most ultra/luminous infrared galaxies (U/LIRGs) being point-like within the FTS beam. The higher-J transitions allow us to trace the hot (> 100 K) molecular gas that is heated by massive young stars, X-ray dominated regions (XDRs; Maloney et al. 1996) , shocks (Meijerink et al. 2013 ), low-energy cosmic ray protons (Goldsmith & Langer 1978) or mechanical heating (Rangwala et al. 2011 ) . The Submillimeter Array (SMA; Ho et al. 2004 ) has a receiver which provides access to the 690 GHz atmospheric window; however, observations in this window are extremely difficult due to the lack of calibrators and the poor atmospheric transmission.
Thus, high angular resolution observations of higher J-level CO transitions have been extremely challenging to date. Observations with the SMA, however, provide a preview to the type of observations that will be possible with the larger collecting area of the Atacama Large Millimeter/submillimeter Array (ALMA).
Over the past two decades several starbursts have been observed in 12 CO J=6-5 using single dish telescopes (e.g Papadopoulos et al. 2012 and references within). Some of the first detections of 12 CO J=6-5 were towards the starbursts NGC 253, IC 342 and M82 (Harris et al. 1991) where it was shown that the molecular gas in starbursts is warmer than in normal disk galaxies. The only ULIRG to be observed in high-resolution 12 CO J=6-5 emission, to date, has been Arp 220 (Matsushita et al. 2009 ) using the SMA. Both nuclei of Arp 220
were detected in 12 CO J=6-5 and 435 µm continuum emission. Matsushita et al. (2009) find that the nuclei of Arp 220 have very similar 12 CO spectral line energy distributions -4 -(SLEDs) to M82 implying similar molecular gas excitation conditions and a density of ≥ 10 3.3 cm −3 or a temperature of ≥ 30 K. However, using the CO SLED from CO J = 1-0 to CO J = 13-12, Rangwala et al. (2011) find an H 2 component that is significantly warmer (1350 K) than the 500 K component seen in M82 by Kamenetzky et al. (2012) .
VV 114 (Arp 236, IC 1623 , IRAS 01053-1746 ) is a nearby LIRG at a distance of 86
Mpc (H o = 70.5 km s −1 Mpc −1 , Ω M = 0.27, Ω Λ = 0.73; 1 ′′ = 417 pc) with a far-infrared luminosity of L FIR = 3.16 × 10 11 L ⊙ (Sanders et al. 2003 ). The two merging galaxies have a projected separation of 15 ′′ (6.3 kpc; Frayer et al. 1999) . U et al. (2012) have derived a dust temperature of 31.45 ± 0.15 K and a dust mass of 2.6 × 10 7 M ⊙ by fitting a spectral energy distribution (SED) to the entire galaxy. Yun et al. (1994) observed VV 114 in 12 CO J=1-0 and found large amounts of molecular gas within a bar-like morphology.
Le Floc'h et al. (2002) found evidence of an active galactic nucleus (AGN) associated with the eastern galaxy (VV 114E), which is the brighter of the two nuclei in the near-infrared (Scoville et al. 2000) but highly obscured in the optical . Iono et al. (2013) have shown that VV 114E has a high HCN/HCO + J=4-3 line ratio which further supports an AGN within VV 114E.
VV 114 is one of fourteen U/LIRGs in the SMA sample of Wilson et al. (2008; hereafter Paper I). Compared to submillimeter galaxies (SMGs), local U/LIRGs are more compact (0.3 -3.1 kpc) than SMGs (3 -16 kpc; Iono et al. 2009; Paper II) . In an earlier paper, (Sliwa et al. 2012 , Paper III), we used the radiative transfer code, RADEX (van der Tak et al.
2007
) to constrain the physical conditions of the molecular gas in the three regions of Arp 299. In this paper, we present high-resolution observations of 12 CO J=6-5 of VV 114 using the SMA. In Section 2, we present the observations and the data reduction process of 12 CO J=6-5, and the recovery of the short spacings of the SMA 12 CO J=2-1 and 12 CO J=3-2 maps published in Wilson et al. (2008) . In Section 3, we present line ratio maps of VV -5 -114. In Section 4, we discuss the 12 CO J=6-5 emission of VV 114. In Section 5, we present our radiative transfer modeling results. In Section 6, we discuss the implications of the low 13 CO abundance and use our modeling results to constrain the CO-to-H 2 conversion factor in VV 114.
Observations and Data Reduction
2.1. 12 CO J=6-5 Submillimeter Array Data
The 12 CO J=6-5 emission in VV 114 was observed with the SMA on 2008 August 26 using a two-point mosaic. Although eight antennas were available, we used only the six antennas that were placed in the innermost ring of the subcompact configuration to reduce resolution effects (i.e. avoid resolving out flux). This resulted in baselines ranging between 10 m and 25 m which corresponds to an angular resolution of 3.1 ′′ ×2.2 ′′ .
The upper sideband (USB) of the 690 GHz receiver was tuned to the redshifted 12 CO J=6-5 line at 677.870 GHz leaving the lower sideband (LSB), separated by 10 GHz, for continuum measurements. Each sideband had a width of 2 GHz with a spectral resolution of 0.8125 MHz. Weather conditions were excellent throughout the track with an opacity at 225 GHz around 0.02 -0.06 corresponding to a precipitable water vapour of ∼0.5 -1.0 mm.
This corresponds to system temperatures below 600 K.
Data reduction was done with the IDL MIR package. The bandpass was calibrated on Uranus, Callisto and 3C454.3. The time variable gain calibration was performed on Uranus which was within 20 degrees of VV 114 at the time of the observations. Uranus had a diameter of 3.6" on the observation date and thus was slightly resolved. We used a standard planet visibility model (a uniform disk) in analyzing the Uranus uv-data. The absolute flux scale was set using Uranus and checked using Callisto suggesting an accuracy level of -6 -the flux calibration of 20%. The calibrated uv-data were converted to FITS format and then imported into CASA for further processing and imaging. The uv-data were flagged to remove outlier data points with high amplitude values and the continuum was subtracted using line-free channels. We created a clean data cube with velocity resolution of 20 km s −1 using a robust weighting scheme. The dataset was cleaned down to two times the rms noise level of 270 mJy beam −1 in each 20 km s −1 velocity channel. An integrated intensity map was created using channels with emission greater than the 2σ cutoff. The integrated intensity map has been corrected for the primary beam ( Figure 1 ). The peak spectrum of VV 114E is shown in Figure 2 . We have obtained a natural weighted clean cube of 12 CO J=1-0 observed with the Owens Valley Radio Observatory (OVRO) first published in Yun et al. (1994) . Details of the observations and reduction are given in Yun et al. (1994) . We created an integrated intensity map with a 2σ cutoff using velocity channels with emission from VV 114. VV 114 was observed with ALMA during cycle 0 in 13 CO J=1-0 (Saito et al. in prep.) using the compact configuration. We obtained calibrated uv-data from the ALMA archive.
Additional CO Data
The uv-data were continuum subtracted using line-free channels and a 40 km s −1 cleaned datacube was created. We created an integrated intensity map with a 2σ cutoff using -7 -velocity channels with emission from VV 114 (see Figure 1 ).
All integrated intensity maps were corrected for the primary beam. Sliwa et al. (2012) with Arp 299, we assume that emission from VV 114 fills the beam, unlike Paper I where VV 114 was treated like a point source.
When we compare the SMA-only map to the JCMT map, the 12 CO J=3-2 map is missing about 60% and the 12 CO J=2-1 map about 46% of the total flux (see Table 1 ).
Note that Paper I estimated only 48% for 12 CO J=3-2 because they assumed VV 114 to be point-like in the K to Jy conversion of the JCMT map.
We recover the short spacings of the 12 CO J=2-1 and 12 CO J=3-2 SMA datasets using the JCMT datasets. The recovery of short spacings using single dish data is still a process under development and it will become a common practice in the ALMA era. The two -8 -datasets were combined in the image plane using the "feathering" technique (Stanimirovic 2002) . We use the the method of Paper III assuming the flux scales of both datasets to be the same. Figure 1 Figure 1 and Table 1 ). Negative flux (dashed contours in Figure 1 ), usually a sign of the missing flux problem, is still seen in the 12 CO J=3-2 map; however, negative flux can also be caused by the uv-coverage of the map (Stanimirovic 1999 ). Since the negative flux caused by the uv-coverage cannot be quantified, adjusting the flux scales of the datasets may introduce artificial emission into our maps. We, therefore, attribute the negative flux seen to the poor uv-coverage of the SMA maps that transfer into the short spacings recovered maps.
Line Ratio Maps
We have degraded the resolution of all the maps to the resolution of the OVRO 12 CO J=1-0 map, 6.5 ′′ × 3.7 ′′ . This ensures that we are probing the molecular gas of VV 114 on similar physical scales (∼ 2 kpc). We applied a Gaussian taper to the observations to degrade the resolution. We created new integrated intensity maps and corrected for the primary beam. The intrinsic units of the CO integrated maps were converted from
and ( 12 CO/ 13 CO) J=2-1 were created by dividing the appropriate maps with a 2σ cutoff for each map (Figures 3 and 4) . Emission near the edges of the maps was masked out.
Note that the line ratio values at the edges of VV 114 are noisier because the uncertainty approaches ±50%. Table 2 presents the line ratios at the peak position of 12 CO J=3-2 -9 -emission in each of the three regions.
In Paper III, it was found that at the peak position for each nucleus and the overlap region of Arp 299, the missing flux was insignificant (<<1%) in both the 12 CO J=2-1 and 12 CO J=3-2 maps. This is not the case for VV 114 and indicates that the short spacings are important in this galaxy. However, when we compare the intensity of the short spacings corrected maps to the SMA-only maps near the peak position of VV 114E, we see that only 10-15% of flux is missing in the 12 CO J=3-2 and 12 CO J=2-1 maps, well within our calibration uncertainty. Thus, the line ratios at VV 114E are roughly similar whether or not the short spacing data are included (see Figure 3 and Table 2 ), and we assume the same for the other ratio maps around the peak position of VV 114E.
4.
12 CO J=6-5 Emission -10 -for VV 114C and VV 114W regions respectively and suggests that we should have detected the other two regions at ≥4σ level. This situation could be explained by two scenarios:
the emitting 12 CO J=6-5 sources in these two regions are on larger scales that are filtered out with the SMA or the 12 CO(J=6-5)/(J=3-2) line ratio is quite different from VV 114E
indicating different physical conditions. If we assume the former to be true, the Herschel FTS observations cannot be used to recover the missing flux in the SMA map; a single dish 12 CO J=6-5 map is required to recover the flux. If we assume the latter to be true, we can use the 3σ level of the 12 CO J=6-5 map and the peak intensity in the 12 CO J=3-2 SMA map to put an upper limit to the 12 CO(J=6-5)/(J=3-2) line ratio (see Table 2 ).
We compare the 12 CO J=6-5 maps of VV 114 and Arp 220 (Matsushita et al. 2009 ).
The SMA 12 CO J=6-5 observations of Arp 220 kinematically resolved the two nuclei. When comparing the SMA 12 CO J=6-5 flux of Arp 220 with the Herschel F T S flux (Rangwala et al. 2011) , the SMA map is missing 69 ± 7 %. More 12 CO J=6-5 emission is recovered in Arp 220 with the SMA which suggests that the 12 CO J=6-5 emission is more compact than in VV 114. The 12 CO (J=6-5)/(J=3-2) line ratios of the two nuclei of Arp 220 are nearly five times higher than for VV 114E indicating that the molecular gas is more excited in Arp 220 than in VV 114. Rangwala et al. (2011) have found evidence of a very hot (T kin = 1350 K) molecular gas component which may explain the higher observed 12 CO (J=6-5)/(J=3-2) line ratio. The 12 CO (J=6-5)/(J=3-2) line ratio for M82 (∼ 0.35; Kamenetzky et al. 2012) is also higher than that of VV 114E. The hot molecular gas component of M82 (T kin = 500 K; Kamenetzky et al. 2012 ) is cooler than of Arp 220. If the differences in the 12 CO (J=6-5)/(J=3-2) line ratios are due to temperature differences, then the hot molecular gas component of VV 114E would be less than 500 K.
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Molecular Gas Physical Conditions

Radiative Transfer Model
In order to constrain the beam-averaged physical conditions of VV 114, we use the radiative transfer code RADEX (van der Tak et al. 2007 ). RADEX calculates line fluxes and optical depth for specific temperature (T kin ), density (n H 2 ) and column density (N mol )
of the molecular species of interest.
We use RADEX to generate 12 CO line fluxes for a 3D grid in T kin (10 0.7 -10 3.8 K), n H 2 (10 1.0 -10 7.0 cm −3 ), and N12 CO (10 12 -10 18 cm −2 ) for dv = 1 km s −1 . We use the line widths measured using the 12 CO J=3-2 map (see Table 3 ) to correct the column density for the 
Likelihood Analysis
In addition to RADEX, we use a Bayesian likelihood code (Ward et al. 2003 , Panuzzo et al. 2010 , Kamenetzky et al. 2011 . The Bayesian likelihood code determines the most probable solutions for the physical conditions of the molecular gas by comparing the RADEX calculated and the observed 12 CO and 13 CO line fluxes. The likelihood code generates probability distributions for four parameters, T kin , n H 2 , N12 CO and area filling factor (Φ A ). We mention some of the basic aspects of the code here but for more details on the likelihood code see Kamenetzky et al. (2012) and Rangwala et al. (2011) . We implement three priors in order to constrain the solutions to those of realistic physical conditions (Ward et al. 2003; Rangwala et al. 2011 ). The first prior constrains the column density to ensure that the total mass within the column does not exceed that of the dynamical mass of the system (see Rangwala et al. 2011 for more details). The dynamical mass of each region was measured using
where ∆V is the line width of the system in km s −1 and D(pc) is the diameter of the system in parsecs (Wilson et al. 1997 ; see Table 3 ). The 12 CO J=3-2 map has the best resolution and signal-to-noise ratio (SNR); therefore, we use the 12 CO J=3-2 map to fit each region of VV 114 to a two-dimensional Gaussian to measure the diameter (see Table 3 ), assuming a spherical geometry. We also use the 12 CO J=3-2 spectrum of each region to fit ∆V using a Gaussian profile (see Table 3 ).
The second prior constrains the column length to be less than the length of the molecular region. We estimate the length of the molecular region using the deconvolved source sizes (see Table 3 ) and assuming a spherical geometry. This prior will constrain n H 2 at the lower end and N12 CO at the higher end (Rangwala et al. 2011 ).
The third prior constrains the optical depth to be 0 < τ < 100. A negative τ indicates a maser; however, we do not expect the CO lines to exhibit maser properties and, therefore,
we constrain τ to be greater than zero. The upper limit of τ = 100 is put in place as recommended by the RADEX documentation.
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Modeling Results
We model the molecular gas at the peak position of 12 CO J=3-2 (α J2000 = Figure 5 shows the 12 CO and 13 CO SLEDs with the most probable solution fit to both species. Figure 6 shows the one-dimensional probability distributions for T kin n H 2 and N12 CO for both grid runs to show the difference in the solutions. Figure 7 shows the two-dimensional distribution for T kin against n H 2 for Grid 2. The optical depth (τ ) for the 12 CO lines is >>1 where τ ∼ 14 for 12 CO J=1-0 and peaks at the 12 CO J=4-3 line with τ ∼ 65 indicating that the 12 CO lines are optically thick. The τ for 13 CO peaks at the 13 CO J=2-1 line with τ ∼ 1.1 and the 13 CO J=1-0 τ ∼ 0.4. Table 2 ). From the RADEX models, we find the excitation temperatures (T ex ) for 13 CO J=1-0 and 13 CO J=2-1 are ∼14 K and ∼8 K, respectively. Assuming similar T ex as found with the RADEX models with τ << 1 and using the equations in Section 4.2 of the RADEX manual 1 , we would expect to see 13 CO (J=2-1)/(J=1-0) ∼ 1.4. If both 13 CO J=1-0 and 13 CO J=2-1 lines had the same T ex and the moderate optical depths as found with the likelihood analysis, we would expect a line ratio > 1.5. This analysis suggests that both moderate optical depths and subthermal excitation are required to produce 13 CO (J=2-1)/(J=1-0) < 1 in VV 114E.
Radiative Transfer Modeling Results
The first three 12 CO transition line intensities are slightly over estimated by the best fit model (see Figure 5 ; for 12 CO J=6-5 see below) but the best fit intensities are well within our uncertainties. In order to significantly excite 12 CO J=3-2, the molecular gas must be
Once n H 2 , T kin and N12 CO are large enough to thermalize 12 CO up to J=3-2, the 13 CO lines provide further constraints on the best fit. The 13 CO (J=2-1)/(J=1-0) line ratio will depend on N13 CO and T ex (see Section 6.1). A large N13 CO is needed to obtain the moderate optical depths required for the low observed line ratio (< 1). (Kamenetzky et al. 2012 ) where a cold, moderately dense molecular gas component is seen. The temperature of the cold molecular gas component in M82 is much warmer (T kin = 63 K) and the gas density is slightly higher (n H 2 = 10 3.40 cm −3 ) than what we see for VV 114E. The solution for the physical conditions of VV 114E is more similar to that of the cold molecular gas component in Arp 220 (T kin = 50K, n H 2 = 10 2.8 cm −3 ). The temperature of the cold molecular gas component in Arp 220 is slightly higher than seen in VV 114E but that may be due to the difference in merger stages of the two galaxies (i.e. Arp 220 is at a more advanced merger stage than VV 114). VV 114 is believed to be a late-stage merger on the verge of experiencing more massive bursts of star formation and becoming a ULIRG (Iono et al. 2004 ) like Arp 220. The future starburst that VV 114 will experience may heat the cold molecular gas to the same temperature of the cold molecular gas component in Arp 220.
The F T S analyses of Arp 220 and M82 also shows a hot molecular gas component from excess emission above the 12 CO J = 4-3 transition. From the CO SLED of VV 114E, we do not see any excess emission at the 12 CO J=6-5 transition; indeed, the 4DMax solution overestimates the 12 CO J=6-5 flux. The overestimation of the 12 CO J=6-5 flux may be due to more missing flux than we originally assumed; however, we need a high-resolution image with short spacings to confirm this case. To constrain the hot molecular gas of VV 114 is beyond the scope of this paper, where we require other higher-J level CO transitions at high angular resolution which ALMA will eventually be able to observe. Using the 4DMax solution for the beam-averaged column density (<N12 CO >) and assuming a 12 CO to H 2 abundance ratio of x CO = 3 x 10 −4 (Ward et al. 2003) , we can measure the CO-to-H 2 conversion factor (α CO ). We use the short spacing corrected 12 CO J=2-1 map to measure the peak luminosity of VV 114E because the map has recovered the flux on all scales. We convert the 12 CO J=2-1 luminosity to a 12 CO J=1-0 luminosity using the line ratio in Papadopoulos et al. (2012) for LIRGs using single dish observations
We can place another limit to α CO using the dynamical mass (see Table 2 ) and the total CO luminosity of VV 114E. Because of its better angular resolution, we use the short spacings corrected 12 CO J=3-2 map to measure the CO luminosity of VV 114E. We assume a line ratio of 0.92 for 12 CO(J=3-2)/(J=1-0) to convert the total 12 CO J=3-2 luminosity to total 12 CO J=1-0 luminosity of VV 114E (L CO(1−0) = 1.6 × 10 9 K km s −1 pc 2 ). Comparing this luminosity to the dynamical mass, we measure α CO to be 1.5
Since the dynamical mass includes the mass of stars and dark matter as well as gas, and the gas in the center of VV 114E might not be in gravitational equilibrium, the dynamical mass measured α CO is strictly an upper limit. The upper limit is consistent with the radiative transfer model-derived value for α CO .
Paper III measured α CO of Arp 299 to be 0. NGC 4038/39 is a young merger that has not yet progressed into the LIRG stage and shows no strong evidence of an enhanced conversion factor. The α CO factor may evolve as the merger process goes on instead of the currently adopted bimodal factor (i.e. Galactic or ULIRG); however, a larger sample of measured α CO for U/LIRGs at different stages is needed to deduce whether an α CO factor as a function of merger stage is plausible.
Conclusions
In this paper, we have presented high-resolution SMA observations of 12 CO J=6-5 of the nearby LIRG VV 114. We combine the new 12 CO J=6-5 map with the 12 CO J=2-1, 12 CO J=3-2 and 13 CO J=2-1 SMA maps of Wilson et al. (2008) , 12 CO J=1-0 OVRO map of Yun et al. (1994) and 13 CO J=1-0 ALMA cycle 0 map of Saito et al. (in prep.) to constrain the beam-averaged physical conditions of the molecular gas.
1. We detect 12 CO J=6-5 emission in VV 114E. If we assume a similar 12 CO (J=6-5)/(J=3-2) line ratio for both VV 114C and VV 114W and using the peak position flux of 12 CO J=3-2 we should have detected VV 114C and VV 114W in 12 CO J=6-5 at >4σ level. Since we do not detect VV 114C and VV 114W, we conclude that either the physical conditions of these two regions are different from VV 114E or the 12 CO J=6-5 emission is extended and filtered out by the SMA.
2. We combine JCMT 12 CO J=2-1 and 12 CO J=3-2 maps with the SMA maps to recover the short spacings. We find that the missing flux around the position of the peak flux of VV 114E in both maps is ∼ 10 -15%, well within our calibration -19 -uncertainties (20%). The missing flux in VV 114C and VV 114W is more significant, revealing the importance of short spacings for these two regions.
3. We use the radiative transfer code RADEX and a Bayesian likelihood code to constrain the physical conditions of VV 114E. We find evidence of a cold (T kin = 38 K), moderately dense (n H 2 = 10 2.89 cm −3 ) molecular gas component. The most 5. We use the most probable <N12 CO > and the peak position luminosity of 12 CO J=1-0 to measure the CO-to-H 2 conversion factor, α CO . We measure α CO to be 0.5
−1 for VV 114E, which agrees with the widely used factor of Downes & Solomon (1998) . Using the dynamical mass and the total CO luminosity of VV 114E, we place an upper limit to α CO to be ≤ 1.5 M ⊙ (K km s −1 pc 2 ) −1 .
ALMA will eventually make observations of VV 114 in 12 CO J=6-5 that will include the short spacings from the Atacama Compact Array (ACA). Combining the ALMA 12 CO J=6-5 observations with the new short spacings recovered SMA 12 CO J=2-1 and 12 CO J=3-2 maps will allow us to constrain the physical conditions of the molecular gas over the full extent of the galaxy using a similar approach to this paper. There is also evidence that a hot molecular gas component exists in starburst galaxies (Rangwala et al. 2011 , Kamenetzky et al. 2012 ; however, to constrain the physical conditions of the hot molecular gas component, higher-J CO transitions are required. ALMA will one day be able to observe VV 114 in 12 CO J=4-3 (band 8), J=7-6 and J=8-7 (band 10) at high angular -20 -resolutions that will be used to constrain the physical conditions of the hot molecular gas component.
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